A simple apparatus was designed to collect ammonia gas coming out from waste stabilization ponds (WSP). The apparatus has a capture chamber and an absorption system, which were optimized under laboratory conditions prior to being used to assess ammonia volatilization rates in a pilot-scale maturation pond during summer 2005. Under laboratory conditions (water temperature ¼ 17.1 8C and pH ¼ 10.1), the average ammonia volatilization rate was 2,517 g NH 3 -N/ha d and the apparatus absorbed 79% of volatilized ammonia. On site, the mean ammonia volatilization rate was 15 g N/ha d, which corresponds to 3% of the total nitrogen removed (531 g N/ha d) in the maturation pond studied. A net nitrogen mass balance showed that ammonia volatilization was not the most important mechanism involved in either total nitrogen or ammonia removal. Nitrogen fractions (suspended organic nitrogen, soluble organic nitrogen, ammonia, nitrite and nitrate) from the M1 influent and effluent showed that ammonia is removed by biological (mainly algal) uptake and total nitrogen removal by sedimentation of dead algal biomass.
Introduction
Maturation ponds have been shown to make an important contribution to cumulative nitrogen removal in waste stabilization pond (WSP) systems. Ammonia volatilization has been reported as the main nitrogen removal mechanism in WSP during periods of high temperature and pH (Pano and Middlebrooks, 1982; Reed, 1985; Silva et al., 1995; Soares et al., 1996; Rocknie and Brezonik, 2006) . Studies using models based on first-order kinetics and depending on variables such as pH, temperature and hydraulic retention time concluded that ammonia volatilization could be the predominant pathway for nitrogen and ammonia removal in WSP (Pano and Middlebrooks, 1982; Reed, 1985) . Other models based on ammonia stripping equations have drawn contradictory conclusions to support ammonia volatilization as the predominant nitrogen removal in WSP (Ferrara and Avci, 1982) . However, none of these models has been calibrated or validated by means of direct measurements of ex-pond ammonia volatilization rates. We report results obtained from a method to measure ammonia volatilization in situ; this method was developed under controlled conditions in the laboratory and then applied on site to measure ammonia volatilization rates from maturation ponds and thus determine the relative importance of ammonia volatilization in nitrogen removal in WSP under summer conditions in England.
on previous work carried out by Shilton (1996) , Zimmo et al. (2003) , Epworth (2004) and Caicedo Bejarano (2005) . Three absorption systems (AS1, AS2 and AS3) were tested using a controlled capture system which comprised a 25-L container with a lid with an air inlet and outlet on opposite sides (Figure 1 ). The water sample was 20 L of tap water enriched with NH 4 Cl to a concentration of 20 mg N/L; the pH was adjusted to 10 with 2 mol L 21 NaOH. A constant air flow of 2.6 L/min was drawn through the head space above the water surface using a Watson Marlow peristaltic pump (model 624S). The pump outlet was connected to the absorption system, forcing the head-space gases to bubble-up through a 2% boric acid solution, so absorbing the volatilized ammonia. Water samples were collected from the container at the beginning of the experiment and then after 24 h; water and boric acid samples were processed for NH þ 4 (method 4500-NH3 B; APHA, 1998). Temperature and pH were continuously monitored with a Corning model 240 pH meter. Each absorption system was tested in triplicate and then the best absorption system was chosen based on the criterion of maximal ammonia recovery.
Two capture chambers were tested on a 150-litre container which was filled with 120 L of ammonium enriched water as described above ( Figure 2 ). The first capture chamber (CC1) was a perspex box (0.34 £ 0.33 £ 0.50 m) with an air inlet and outlet on opposite sides; and the second one (CC2) was the same perspex box but with three equally spaced plastic baffles. A constant air flow of 2.6 L/min was drawn through the head space above the water surface in the capture chamber, using a Watson Marlow 624S peristaltic pump, and then into the AS3 absorption system. Temperature and pH were continuously monitored by using a pH meter and a temperature sonde, and water samples were collected from the container at the beginning of the experiment and then after 24 h; water and boric acid samples were processed for NH þ 4 . Each capture chamber was tested in triplicate and the better one chosen based on maximal ammonia recovery; the airflow was then optimized to improve ammonia recovery.
On-site experiments
Laboratory results were analysed to choose the best capture chamber, absorption system and air flow rate which were used in further experiments on our pilot-scale WSP system Figure 1 Experimental set-up for absorption systems (right) tested with a controlled capture system (left). Absorption system AS1 comprised two 250-mL conical flasks; AS2, three 250-mL conical flasks; and AS3, a packed column (height 40 cm; diameter 100 mm) and three 250-mL conical flasks. The packed column had 20-mm PVC spheres at the base, silicon rings (length, 15 mm; diameter, 5 mm) in the middle, and glass rings (length, 8 mm; diameter, 6 mm) at the top. The packed column and conical flasks were filled with 1,500 and 200 ml of a 2% boric acid solution, respectively, and a 25-mm sandstone was placed in each as an air diffuser located at Esholt Sewage Treatment Works, Bradford. On-site experiments were carried out in summer 2005, under favourable conditions for ammonia volatilization (i.e. high inpond temperature and pH) in the first pond (M1) of two maturation ponds in series, which received a primary facultative pond (PFP) effluent. The PFP received screened wastewater (49% trade wastewater, 51% domestic wastewater) and it was loaded at 80 kg BOD/ha day (hydraulic retention time, u PFP ¼ 60 d) during the test period. M1 (u ¼ 17.5 d) was fed at an average flow rate of 0.6 m 3 /d and loadings of 9.3 kg BOD/ha d and 6.0 kg N/ha d. Ammonia volatilization rates from M1 were measured over 72-h periods, from 19 July to 09 September 2005 ( Figure 3 ). Boric acid solution samples from the absorption system were collected and processed for NH þ 4 ; a blank control was used to account for ammonia interference from the surrounding air on site.
M1 was monitored weekly for suspended solids (Standard Methods 2540 D), chlorophyll a (Pearson et al., 1987) , filtered and unfiltered TKN (4500-Norg C), NH þ 4 (4500-NH3 B), and NO 2 3 and NO 2 2 (Dionex DX500 ion analyser), by means of grab water samples collected from the influent, effluent and the pond water column. Twenty-four-hour composite samples from M1 effluent were also collected and similarly processed. Temperature, dissolved oxygen and pH were measured on site in real time using a YSI model 6820 sonde probe. Sediment samples were collected at the end of the experiment for TKN (4500-Norg C), solids (2540 B, 2540 D, 2540 F) and moisture (at 103-105 8C). M1 effluent flow was calculated from a water balance and net evaporation (rainfall minus evaporation) was estimated from weekly readings using a Casella hookgauge evaporimeter adjacent to the PFP. 
Results and discussion

Laboratory experiments
Ammonia was volatilized from the controlled capture system (water temperature 17.1 8C and pH 10.1) at a rate of 2,517 g NH 3 -N/ha d. Absorption systems AS1 and AS2 recovered 54 and 60% of the volatilized ammonia, respectively; however, the ammonium concentration values in the final conical flask were higher than in the blank. Absorption system AS3 achieved 85% ammonia recovery, with the packed column absorbing most of the volatilized ammonia (90-99% of the total ammonia collected) and the conical flasks absorbing the remaining ammonia. An undetectable ammonia concentration was measured in the final flask in this system, which was therefore chosen as the best absorption system.
Capture chambers CC1 and CC2 were tested with the AS3 absorption system and the best performance in terms of volatilized ammonia recovery (57%) was achieved with the baffled perspex box (CC2) and an air flow of 2.6 L/min. Further trials with higher air flow rates (3.0, 3.5 and 4.0 L/min) were carried out to improve the ammonia recovery in the CC2-AS3 system: it was found that the net ammonia volatilization rate was not affected by increasing the air flow, but that ammonia absorption was; a higher air flow rate reduced ammonia accumulation and short-circuiting in the head space in CC2 and improved ammonia absorption in the packed column. The optimized air flow was 3.0 L/min (79% ammonia recovery); there was no clear difference in terms of net ammonia recovered in comparison with higher air flows (83% at 3.5 L/min and 82% at 4.0 L/min); moreover, when the air flow was . 3.0 L/min, boric acid solution in the last conical flask was blown out of the system. CC2, AS3 and an air flow of 3.0 L/min were chosen as the best arrangement to be used for ammonia volatilization experiments on site. Ammonia volatilization rates measured under these optimal laboratory conditions should be corrected by an absorption efficiency factor of 1.27.
On-site experiments
In order to explain the nitrogen transformations occurring in M1, nitrogen fractions were defined as suspended organic nitrogen, soluble organic nitrogen, ammonium nitrogen, nitrate and nitrite. Figure 4 shows a net nitrogen mass balance and the various nitrogen fractions in the M1 influent and effluent (nitrite was undetectable). If the nitrogen fractions are compared, ammonium nitrogen is removed to a much greater degree (90%) than total nitrogen; this can be explained by the biological uptake of ammonia as the suspended organic nitrogen increases in summer. This suggests that algal uptake was the predominant pathway for ammonia removal. The net nitrogen mass balance shows that the average nitrogen removal rate during this study was 531 g N/ha d (total nitrogen removal ¼ 8%) and its associated mechanisms were ammonia volatilization, nitrogen sedimentation and biological uptake. The in-pond suspended organic nitrogen concentration increased from 10.7 to 13.5 mg/L and the Figure 4 Nitrogen fractions from influent and effluent (right) and nitrogen mass balance (left) corresponding nitrogen accumulation rate was 377 g N/ha d; thus biological uptake was the most important mechanism for total nitrogen removal. Sludge samples collected at the end of this experiment revealed a nitrogen sedimentation rate of 105 g N/ha d and this was ranked as the second most predominant pathway to remove total nitrogen. Ammonia volatilization rates over 72 hours were 0-27 g N/ha d (mean rate ¼ 15 g N/ha d); thus only 3% of the total nitrogen was removed by ammonia volatilization, even when the in-pond temperature and pH were favourable for this removal pathway.
Theoretical ammonia volatilization rates were calculated from an equilibrium-based mass transfer equation (equation 1), assuming that the ammonia concentration in the air above the pond surface is negligible and that the mass transfer coefficient does not depend on wind speed:
where l NH3 is the ammonia volatilization rate (g N/ha d); K l , the mass transfer coefficient in the liquid phase (d 21 ); [NH 3 ], the free ammonia concentration (g N/m 3 ); V, the pond volume (m 3 ); and A, the pond surface area (ha). K l values were calculated from Stratton's equation (equation 2) (Zimmo et al., 2003) and the free ammonia concentration by using the ammonia -ammonium equilibrium expression (equation 3), and the value of pK ( ¼ 2log 10 K l ) in equation 3 was calculated from equation 4 (equations 3 and 4 are from Emerson et al., 1975) : where d is the depth of the water column in the pond (m); T, water temperature (8C); ½NH þ 4 TOTAL ; the total ammonium nitrogen concentration (g N/m 3 ); and K, the ammoniaammonium equilibrium constant.
The total ammonium concentration in the water column sample (mean value ¼ 3.3 mg N/L) and 24-hour pH and temperature readings were used to calculate theoretical ammonia volatilization rates ( Figure 5 ). The ammonia volatilization measurements in M1 (0 -27 g N/ha d) were much lower than the calculated theoretical figures (107 -812 g N/ ha d) and even lower than (a) the annual value of 828 g N/ha d reported by Rocknie and Brezonik (2006) who used an equilibrium-based model with wind speed adjustment for the WSP system at Harris, Minnesota (i.e. in a cold region with a long ice-cover season), and (b) the values of 72 -374 g N/ha d from an algal WSP located in Ginebra, southwest Colombia (Zimmo et al., 2003) . A model based on first-order kinetics in a plug-flow reactor has been proposed by Reed (1985) to predict total nitrogen removal in WSP; it depends on the hydraulic retention time, mean mid-depth, pH and temperature and the influent total nitrogen concentration. If Reed's model is applied to M1 the predicted total nitrogen removal (68%) is much higher than the actual value found for M1 in summer 2005 (8%). Ammonia removal in WSP can be predicted by using the model based on first-order kinetics in a completely mixed reactor developed by Pano and Middlebrooks (1982) . Actual ammonia removal in M1 was 90%; for these conditions the Pano and Middlebrooks model predicted the higher figure of 97%.
However, even when feasible pathways have been identified for either total nitrogen or ammonia removal in WSP, both the Reed and the Pano and Middlebrooks models derive final equations which depend on variables which do not define any particular mechanism involved in total nitrogen and/or ammonia transformation and removal and therefore any agreement found between results predicted by these models and actual field results does not confirm the validity of the mechanism(s) for ammonia removal in WSP assumed in their development.
Conclusions † Ammonia volatilization was not the most important mechanism involved in either total nitrogen or ammonia removal processes. Ammonia and total nitrogen were mainly removed by biological algal uptake under summer conditions. † Ammonia removal in maturation ponds cannot be predicted with models based on mass transfer equations for ammonia volatilization as this is only a minor pathway for ammonia removal in maturation ponds.
